Aerosol nucleation spikes in the planetary boundary layer by J.-P. Chen et al.
Atmos. Chem. Phys., 11, 7171–7184, 2011
www.atmos-chem-phys.net/11/7171/2011/
doi:10.5194/acp-11-7171-2011
© Author(s) 2011. CC Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Aerosol nucleation spikes in the planetary boundary layer
J.-P. Chen1, T.-S. Tsai1, and S.-C. Liu1,2
1Department of Atmospheric Sciences, National Taiwan University, Taiwan
2Research Center for Environmental Changes, Academia Sinica, Taiwan
Received: 27 August 2010 – Published in Atmos. Chem. Phys. Discuss.: 9 November 2010
Revised: 26 June 2011 – Accepted: 27 June 2011 – Published: 21 July 2011
Abstract. Photochemically driven nucleation bursts, which
typically occur within a few hours after sunrise, often pro-
duce strong aerosol number concentration (ANC) ﬂuctua-
tions. The causes of such ANC spikes were investigated us-
ing a detailed aerosol model running in the parcel mode. Two
potential mechanisms for the ANC spikes were proposed and
simulated. The blocking of actinic ﬂux by scattered clouds
can signiﬁcantly inﬂuence new particle production, but this
does not cause strong ﬂuctuations in the number of aerosols
within sizes greater than the detection limit of our measure-
ments. A more plausible mechanism is the turbulence eddy
effect. Strong aerosol nucleation may occur in both updrafts
and downdrafts, while the cloud formation at the boundary
layer top strongly reduces the number of aerosols. As the
number of aerosols is sensitive to turbulence eddy and cloud
formation properties, a changing turbulence condition would
result in large ﬂuctuations in the evolution of ANC similar to
that observed at the surface.
1 Introduction
Strong aerosol production in the planetary boundary layer
(PBL) has been observed over various parts of the conti-
nents and oceans (cf. Dinger et al., 1970; Hegg et al., 1990;
Covert et al., 1992; O’Dowd et al., 1998; Kulmala et al.,
2004). How such productions occur deserves special atten-
tion as aerosols can inﬂuence human life in many aspects,
such as air pollution, visibility, convective precipitation, as
well as the climate impact through the modiﬁcation of cloud
structures (c.f. Ozkaynak and Thurston, 1987; Quinby-Hunt
et al., 1997; Khain et al., 2005; Levin and Cotton, 2007; Al-
brecht, 1989; Charlson et al., 1992; Ackerman et al., 1993).
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Besides direct emission or atmospheric transport, the nucle-
ation process is considered an important source of aerosol
particles in the PBL. Aerosol nucleation in the PBL often
occurs during the daytime in the form of bursts that typi-
cally take only a few hours to complete. Sometimes the du-
ration can be less than one hour (Marti, 1990; Marti et al.,
1997; Clarke et al., 1998; O’Dowd et al., 1998; Clement et
al., 2001). Such an aerosol burst phenomena can be demon-
strated with an event (Fig. 1a) observed during the spring of
2001 at the Shimen sampling site located in Northern Tai-
wan. The measurement by an aerosol size spectrometer TSI
SMPS-3934 (sampling frequency of about 7min) showed a
rapid increase in aerosol number concentration (ANC) after
sunrise and reached a peak before noon. To rule out the pos-
sibility of aerosol increase due to long-range transport, one
may further examine the fraction of freshly produced parti-
cles (here deﬁned as those with diameter <30nm). The nu-
cleation mode particles do not stay very long in the smallest
size range because of either fast condensation or being col-
lected by larger particles. So, a fresh-to-total number ratio
above about 0.4 (which may vary with the deﬁnition of fresh
particles) is a good indication of a nucleation event. The
one shown in Fig. 1 is apparently a nucleation burst as the
“fresh” fraction increased simultaneously with the number
production. Evolution of the complete particle size spectrum
is shown in Fig. 1b, and we will return to this ﬁgure for more
detailed discussions in the last section. Various modeling
studies have shown that such nucleation bursts occur under
clear or partly cloudy sky when photochemical production of
sulfuric acid vapor is active (e.g. Harriton and Kreidenwise,
1998; Pirjola et al., 2000; Korhonen et al., 2004; Hellmuth,
2006a). However, the simulated aerosol number concentra-
tions usually increase rather smoothly whereas the observed
ones often contain many spikes, as shown in Fig. 1a. Such
high-frequency spikes exist not only in the number concen-
tration but also in the fresh-particle fraction.
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Fig. 1. An aerosol nucleation spikes event observed at a coastal site over Northern Taiwan on 30 March 2001. (a) Evolution of total aerosol
number concentration (solid curve, left axis) and fraction of fresh particles (blue dotted curve, right axis); Fresh particles are deﬁned as
those with a diameter smaller than 30nm. (b) Evolution of aerosol particle size spectrum. The color bars show the particle number density
(dN/dlogD) in cm−3.
The measurement shown in Fig. 1 was taken during the
ACE-Asia campaign in the spring of 2001. In this cam-
paign the SMPS operated from 22 March to 1 May with
21days of complete records. Among these 21days, 12 were
either rainy or overcast therefore not favorable for nucleation
events. Five of the rest can be identiﬁed as having signif-
icant new particle formation, and their common meteoro-
logical conditions are clear to partly cloudy sky and moder-
ate northeasterly winds with speeds generally below 7ms−1.
The pre-event aerosol concentrations were between 2000 and
3000cm−3, which is above the typical values over the remote
oceans but below that for polluted areas. Trace gas informa-
tion is not available for the Shiman site. However, there is
a near-by air-pollution monitoring station about 18km away
with a similar coastal geographic setting. This station is lo-
cated in a small town with a population of just over 4100
at the time. It has some local trafﬁc activities and thus can-
not fully represent Shiman. Nevertheless, its measurements
showed that these events were associated with daytime peak
PM10 and ozone concentrations, indicating strong photo-
chemical contribution to aerosol growth. In Fig. 2, the hourly
air temperature and relative humidity from this air pollution
monitoring station and UV-A radiation from a weather sta-
tion 24km away show that the days with nucleation bursts
(blue dots) have distinctly larger diurnal variations in these
parameters than the other days (black dots). Diurnal varia-
tions for the 30 March event (red dots) are particularly large,
indicating the relevance of strong solar radiation to the nu-
cleation events. Note that air temperature in the 30 March
event is lower than the other events because it is the earliest
that was observed during the ﬁeld campaign. The above con-
ditions are common during the winter monsoon when a con-
tinental high pressure splits from the main Mongolian high
and moves from eastern China toward the Paciﬁc. Such a
setting can be manifested with the backward trajectory anal-
ysis in Fig. 3 for the 30 March event. One can see that the
air mass is of continental origin but with maritime modiﬁ-
cation over the East China Sea before reaching the Shiman
site on Taiwan. The Shimen site is located at the top of a
small cliff 78m in height and about 100m distance from the
open ocean that it faces. As the surrounding area is only
sparsely populated, the only known source of local pollution
is automobiles on a provincial coastal highway underneath
the cliff. For the event shown in Fig. 1, the winds were pre-
vailing northeasterly blowing onto the shore, so the chance
of them containing fresh anthropogenic emissions should be
low. One cannot completely rule out the occasional passage
of emission plumes from nearby ships or automobiles. Yet,
such an ANC spikes phenomenon has also been observed
in other relatively remote areas (e.g. O’Dowd et al., 1999;
Coe et al., 2000; Guo et al., 2008) distant from human inﬂu-
ence. Therefore, looking into other possible mechanisms that
may be responsible for the ANC spikes is worthwhile. Note
that the time resolution in Fig. 1 is relatively coarse, and the
spikes feature can be much ﬁner as shown in some of these
measurement studies.
Earlierpostulationsofthecausesforsmallparticleproduc-
tion include the shattering of salt formed by the rapid evapo-
ration of cloud drops (e.g., Dessens, 1949; Twomey and Mc-
Master, 1955; Radke and Hegg, 1972), but Mitra et al. (1992)
disproved this mechanism with wind tunnel experiments. A
more plausible cause for generating such nucleation-mode
aerosols is homogeneous nucleation from the gas phase. Tra-
ditionally, homogeneous nucleation of atmospheric particles
is thought to occur via the H2O-H2SO4 binary interaction
(Nair and Vohra, 1975; Yue and Hamill, 1979). Nucleation
enhancement is possible with the presence of an additional
gas such as ammonia (Coffman and Hegg, 1995; Yu, 2006a),
volatile organic compounds (O’Dowd et al., 1998), and aro-
matic acids (Zhang et al., 2004). Such processes are called
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Fig. 2. Diurnal variations of (a) air temperature, (b) relative humidity, (c) UV-A radiation, and (d) concentration of trace chemicals in air.
The ﬁrst 3 panels show averages and spreads for all non-nucleation (black dots) and nucleation (blue dots) events, as well as values for the
30 March event (red dots). Panel (d) shows only the 30 March event.
ternary nucleation. Other nucleation mechanisms are also
possible, such as ion enhanced nucleation (Yu, 2006b), but
are irrelevant to this study.
According to the classical nucleation theory, the main con-
ditions favorable for binary or ternary homogeneous nucle-
ation are high water vapor saturation ratio Sw (relative hu-
midity) and sulfuric acid vapor saturation ratio Sa (relative
acidity), as well as low temperatures. Deﬁned as the ambient
vapor pressure divided by the saturation vapor pressure, the
saturationratiomaybeelevatedbyeitheranincreaseinvapor
concentration or by lowering the temperature, thus the satu-
ration vapor pressure. The increase in water vapor concentra-
tion usually involves evaporation from the Earth’s surface or
airborne raindrops. The increase in sulfuric acid concentra-
tion, on the other hand, usually requires strong photochemi-
cal production which, in turn, demands high concentrations
of precursor gas (e.g. SO2) and high actinic ﬂux to generate
OH radicals for the reaction to occur. For the sulfuric acid to
accumulate in the air, the concentration of existing aerosols,
which tend aerolols to consume the acid vapor needed for nu-
cleation, needs to be low (Shaw, 1989; Petters et al., 2006).
A few physical conditions (e.g. the lowering of tempera-
ture) favorable to aerosol particle nucleation have also been
investigated. The most common way to cause a fast cooling
is adiabatic expansion during ascending motion. Easter and
Peters (1994) and Nilsson et al. (2001) suggested that tur-
bulence in a well-mixed boundary layer may cause temper-
ature ﬂuctuations and induce new particle formation. Nils-
son et al., (2000) also indicated that the upward motion of
atmospheric waves could enhance aerosol nucleation. An-
other way of causing cooling is mixing. Bigg (1997) hy-
pothesized that sudden mixing caused by the breaking of
Kelvin-Helmholtz waves may induce strong aerosol nucle-
ation. Similar mechanisms including turbulence mixing have
also been investigated by Lesniewski and Friedlander (1995),
Nilsson and Kulmala (1998), Khosrawi and Konopka (2003)
andWehneretal.(2010). Coolingduetolong-waveradiation
is usually too slow to cause strong nucleation.
A combination of some of the above factors is even more
sufﬁcient, if not necessary, for aerosol nucleation. Perry and
Hobbs (1994) proposed that convective clouds bring up SO2
(precursor of sulfuric acid) by cloud venting and remove a
large portion of the existing aerosols by cloud and precipi-
tation scavenging. High relative humidity and reﬂected sun-
light near the clouds together form a favorable nurturing en-
vironment for new particles. However, the mechanisms men-
tioned above, acting individually or in combination, seem to
be insufﬁcient in explaining the occurrence of ANC spikes.
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Fig. 3. Backward trajectory analysis generated from the NOAA
HYSPLIT model. The starting time of each trajectory is 4h apart,
from 00:00 (yellow curve) to 24:00 (red curve) local time on
30 March 2001.
A straightforward photochemical mechanism, as simulated
by previously mentioned aerosol models, occurs in the diur-
nal time scale corresponding to the variation in solar radia-
tion. Other effects that occur in a much shorter time scale are
necessary to explain the spike phenomenon. One such can-
didate is the blocking of actinic ﬂux by reoccurring scattered
clouds, such as stratocumuli. This effect is one of the main
themes of this study. Mixing induced cooling is not likely
the mechanism for PBL spikes as it requires the involved air
parcels to have distinctly different potential temperatures and
the mixing occurs with strong ﬂuctuations, which is appar-
ently not the case under the synoptic conditions for the event
in Fig. 1. On the other hand, cooling induced by turbulence
does have a time scale similar to the observed ANC spikes
and this phenomenon is very common in the PBL. In addi-
tion, as will be demonstrated later, turbulence motion has an
additional effect of enhancing sulfuric acid vapor concentra-
tion.
This study investigates the possible role of cloud shadow-
ing and turbulence motion in ANC spike generation shown
in Fig. 1. As the phenomena that we intend to examine oc-
cur at rather ﬁne spatial and temporal scales, they cannot be
handled easily with typical Eularian models. The Largangian
parcel model is quite suitable for our study because it allows
ﬁner details in aerosol microphysics and its dynamics can be
prescribed to ﬁt our purpose. In the following, we present
several simulations from the aerosol parcel model and dis-
cuss possible mechanisms for ANC spikes.
2 Aerosol parcel model and simulation setup
TheLagrangianparcelmodelappliedforthisstudywasmod-
iﬁed from the multi-component particle model of Chen and
Lamb (1994, 1999), which allows simultaneous and inde-
pendent changes in various physical and chemical proper-
ties of aerosol and cloud particles. For this study, two bin-
components – water mass mw and sulfate mass ms – are
used for the particle framework, with 45 and 65 bins each as-
signed for mw and ms. The lower limits of the largest bin for
mw and ms are 2.3×10−9 mol and 5.6×10−10 mol (roughly
equivalent to 10µm radius), respectively; whereas the up-
per limit of the lowest bin for mw and ms are 1×10−23 mol
and 3×10−22 mol (roughly equivalent to 1nm radius), re-
spectively. A bin-sizing factor of 2 and 1.5, respectively,
is applied to successively smaller bin limits, except for the
ﬁrst and last bins having relaxed upper and lower bound-
aries, respectively, to cover extreme conditions. A method-
of-moments type scheme is used to conserve mass and the
number of particles, as well as reduce numerical diffusion,
for their redistribution within the particle framework due to
various growth mechanisms.
The growth mechanisms considered include binary nucle-
ation and condensation growth from water and sulfuric acid
vapors, as well as Brownian coagulation between particles.
For the binary nucleation, we applied the classical theory for
the water-sulfuric acid system with Zeldovich factor modiﬁ-
cation (cf. Doyle, 1961; Seinfeld and Pandis, 2006, pp. 514–
520) but ignored the hydrate formation effect.
Condensation growth from both water vapor and sulfuric
acid follows the Maxwellian two-stream theory with consid-
eration of the curvature and solute effects on the particle sur-
face vapor pressures, as well as the surface gas-kinetic effect
(cf. Pruppacher and Klett, 1997). Coagulation between par-
ticles is calculated using the Brownian collision kernel from
Fuchs (1964) and a unity coagulation efﬁciency. Cloud for-
mation may occur in some of the simulations. For this, the
model does consider aerosol activation into cloud drops ac-
cording to the K¨ ohler theory. The condensation growth of
cloud drops are treated the same as for the aerosol particles.
Our model also considers the collision-coalescence between
cloud drops, as well as interstitial (un-activated) aerosol col-
lection by cloud drops. To focus on microphysical aerosol
processes, a simple treatment is applied to the gas-phase pro-
duction of sulfuric acid vapor. This production is assumed
to come solely from SO2 oxidation by OH, with a clear-sky
reaction rate parameterized as a sinusoidal function of time
to mimic the diurnal change in actinic ﬂux and OH concen-
tration according to an ofﬂine calculation from a photochem-
ical model initialized with typical trace gas concentrations
for the Shimen area. It is possible that other condensable
gases, such as ammonia or organic vapors, may involve in
the nucleation and condensation growth processes. Note that
the ability of organic compounds to form new particles in
the atmosphere is a rather controversial issue (Kanakidou et
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al., 2005), and the species that involved (e.g. oxygenated
organics) are poorly known, especially for the area studied
here. Such nucleation by organic vapors could also be sup-
pressed easily by growth onto existing particles. There are
also indications that atmospheric organics might not be very
copious in our case. The non-methane hydrocarbon concen-
tration measured at a near-by air pollution monitoring sta-
tion was around 0.2ppm for this and other similar events.
Wang et al. (2004) reported that the average organic carbon
content in PM10 measured during this ﬁeld experiment was
less than 10%, relatively low compared with urban situa-
tions or over large forest regions. In any case, organics and
other compounds might be involved in particle growth but
are not likely to dominate the nucleation process. As will
be shown later, binary nucleation and condensation growth
in the water-sulfuric acid system is sufﬁcient to produce the
observed phenomenon. So, ignoring organics and other com-
pounds should not affect the general conclusion of this study.
The key parameters needed for the above calculations in-
clude the saturation vapor pressure of sulfuric acid from
Jaecker-Voirol et al. (1990), saturation vapor pressure for
water from Tabata (1973), solution water activity and sul-
furic acid activity from Jaecker-Voirol and Mirable (1989),
and the solution density data from the CRC Handbook for
Physics and Chemistry. For the surface tension of sulfuric
acid solution, we ﬁtted the experimental data of Morgan et
al. (1916) as a function of concentration and temperature,
and for the latter, the van der Walls (1894) formulation was
applied. Note that large uncertainties exist in the calculation
of nucleation rate from the classical theory, partly due to the
ambiguity in these thermodynamic parameters which the nu-
cleation rate is very sensitive to. Also note that, as pointed
out by Korhonen et al. (1999), while some studies showed
that predictions of binary nucleation from H2SO4 and H2O
are consistent with the measured new particle formation, oth-
ers indicated that such binary nucleation may be too weak to
explain the observed particle production, and the latter seems
to be particularly true for the marine boundary layer or con-
tinental sites (conditions similar to that for Fig. 1). Yet, our
calculation seems to give reasonable results. One possible
reason for us to obtain sufﬁciently high nucleation rates is
that we considered the size effect on surface tension. Tol-
man (1949) pointed out that surface tension may be signif-
icantly less than its bulk value when the particle is small,
especially for the nucleation embryos and nucleation-mode
particles. For example, the curvature effect causes the sur-
face tension of a drop with radii of 1 and 3nm to reduce
by 9% and 24%, respectively. This effect has strong inﬂu-
ence on the nucleation and condensation processes but is not
considered in most aerosol models. In our model this effect
has been included according to the treatment in Chen (1994).
This extra factor enhances the nucleation rate by about two
orders of magnitude, similar to what one would get by con-
sidering the hydrate effect. Because of several self-limiting
factors, such as the depletion of vapors by the growth of
newly formed particles or the coagulation to existing large
particles, the overall number of new particle production ac-
tually does not vary too strongly with the nucleation rate. We
performed a sensitivity test by artiﬁcially modifying the nu-
cleation rates by a factor of 10 and 0.1, the resulting variation
in total aerosol number concentrations is within a factor of 2,
which is small in comparison to the two orders of magnitude
change in nucleation rates. The variation in D > 10 parti-
cles larger than 10nm in diameter (the detection limit of our
SMPS) is even less signiﬁcant. Therefore, inaccuracy in the
nucleation rate does not lead to an equally large error in the
total production of new aerosols.
Several simulations are designed to examine the two ef-
fects relevant to the ANC spikes phenomenon. The cloud
shadow effect is considered by imposing a reduction of the
transmitted actinic ﬂux (thus the production of sulfuric acid
vapor) for the scattered stratocumulus clouds (Sc) situation.
The turbulence cooling effect is considered by giving the air
parcel a large-eddy type of motion. Both the stratocumuli
and turbulence eddies are quite common to the area of study
during spring when the PBL is dominated by the continen-
tal cold-air outﬂow. The stratocumuli formation near the
top of the PBL is associated with the mechanically forced
turbulence eddy in the PBL, where clouds form in the as-
cending region and dissipate during descends. Air parcels
in such a turbulent environment tend to have wave-like mo-
tions as demonstrated by the trajectory analysis of Feingold
et al. (1998). Therefore, the turbulence air parcel is assumed
to move up and down adiabatically following a sinusoidal
trajectory. According to the results of Feingold et al. (1998),
we selected a cycling period of 30min and semi-amplitude of
500m for our main simulations, but other values were also
tested. The same sinusoidal function was also used to cal-
culate the attenuation of actinic ﬂux below the stratocumuli,
such that the actinic ﬂux oscillates from a speciﬁed mini-
mum value (at the center of cloud shadow) to a clear-sky
value. Also simulated for comparison was the inﬂuence of
stratus clouds (St) which are assumed to distribute uniformly
in space and time.
The presence of existing aerosol particles as they may
consume sulfuric acid vapor and hinder the nucleation pro-
cess needs to be considered also in (or for) the simulations.
The initial size distribution is assumed to be a bi-modal log-
normal function (cf. Whitby, 1978), parameterized accord-
ing to the mean size distribution measured at Shimen dur-
ing March and April of 2003. Its total number concentra-
tion of 2690cm−3 represents a relatively clean rural condi-
tion. For comparison purposes, we also applied an average
aerosol size distribution measured in the city of Taipei (lo-
cated 30 km south of Shimen), with total number concentra-
tion of 15080cm−3 representing urban conditions.
For the simulation of either the Sc or St cloud-shadow
effects, the air temperature and relative humidity of the air
parcel were ﬁxed at 20 ◦C and 75%, respectively, which are
typical ambient conditions at sunrise for the situation studied
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Fig. 4. Simulated diurnal evolution of aerosol number concentration for the conditions of Shimen with different actinic ﬂux transmission
ratios. (a) All particles (D-all); (b) Particles with diameter greater than 10nm (D >10).
here. Although in reality the temperature and relative humid-
ity of the PBL air do vary with time due to solar heating and
other meteorological factors, they are ﬁxed so that a direct
comparison can be made with the turbulence simulations for
which the air parcel is assumed to proceed adiabatically. The
effect of varying ambient conditions will be discussed. The
simulation setup for all cases is summarized in Table 1.
3 Simulation results
Let us ﬁrst examine a simpler cloud shadow effect case – the
uniform St clouds – for the conditions at Shimen. As shown
in Fig. 4a, the aerosol number concentration increases dras-
tically after sunrise due to sulfate photochemical production.
Under clear skies, the number of aerosols may increase by
two orders of magnitude. When the actinic ﬂux is attenu-
ated by uniform clouds (represented by a transmission ratio
Q), the burst of aerosols is reduced in magnitude as well as
delayed in time. Note that, unlike Fig. 4a which includes
aerosol particles of all sizes (denoted as D-all), the measure-
ments with the TSI SMPS-3934 for this study covered only
particles from about 10 to 500nm in diameter (with 102 in-
tervals). To give a fair comparison with observations, we
show in Fig. 4b only particles with diameters larger than
10nm (denoted as D >10). Here, the nucleation burst is still
evident and the maximum number concentration is now of a
similar magnitude as the observation that shown in Fig. 1a.
The large decrease in particle number for D >10 indicates
that the fresh particles growth by condensation is slow, and
the fresh particles collection by the larger pre-existing par-
ticles is strong. Figure 5 shows the simulated evolution of
aerosol size distribution (ASD) for the Q = 1 case. One
can see the development of nucleation mode particles after
sunrise. The modal size increased quickly from 10nm to
over 20nm during the nucleation burst stage, then gradually
reached 30nm and remained there in the afternoon, similar to
that shown in Fig. 1b. Comparing Figs. 4b and 5 with Fig. 1,
one can see that the simulated nucleation burst started one
to two hours earlier than observed except when the photo-
chemical production was very weak (Q=0.2), which is not
likely in the real case. Yet, when the observed temperature
and relative humidity variation (instead of at ﬁxed values)
were applied in the simulations, the timing of the nucleation
burst was delayed mainly because of lowered humidity and
becomes more compatible with Fig. 1a.
Similar to other aerosol model results, the nucleation burst
shown in Figs. 4 and 5 lacks the spikes feature shown in
Fig. 1. Additional mechanisms must exist to produce such
spikes. We next examine whether intermittent cloud shadows
due to re-occurring stratocumulus may be one of the causes.
Figure 6 shows the simulations with imposed sinusoidal at-
tenuation of the actinic ﬂux due to stratocumulus, with the
transmission ratio vary periodically from unity to a minimum
value denoted by Q. Note that the curves for Q=1 repre-
sentatotaltransmissionthusareexactlythesameasthosefor
the clear sky condition in Fig. 4. From Fig. 6a, one can see
that new particles are generated during cloud breaks when
there is sufﬁcient sulfuric acid vapor production by photo-
chemistry. Under cloud shadows, the particle number ac-
tually decreased rapidly because of reduced photochemistry
and a strong coagulation of the newly formed particles with
the existing ones. Such a sharp ﬂuctuation repeats itself for
each cloud cycle when there is sun light. The particle re-
duction during the cloud shadow period actually helps the
nucleation later because the existing aerosols become fewer,
thus are less capable of consuming sulfuric acid vapor by
condensation. This effect can be seen clearly from the higher
maximum number concentrations during cloud breaks than
that for the all clear sky condition (Q=1). The ﬂuctuation
of particle numbers for D >10 becomes much less signiﬁ-
cant although still visible (Fig. 6b).
Cloud shadow effect seems to be able to cause ﬂuctua-
tions in particle nucleation. But the amplitudes of ﬂuctu-
ation for D > 10 are much less striking than the observed
spikes shown in Fig. 1a. Apparently a different mechanism
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Table 1. Summary of the simulation cases and parameters used. All “turbulence” cases have a mid-level relative humidity of 80% except
the one named RH75 used a value of 75%.
Case name Actinic ﬂux Vertical motion period Vertical motion amplitude Figure number
stratiform uniform – – 4,11
sinusoidal
stratocumulus (period 1800s) – – 6
turbulence uniform
0.5h (reference case) 1800s 500m 7,11
1h 3600s 500m 11
0.25h 900s 500m 11
RH75% 1800s 500m 11
Half amplitude 1800s 250m 11
Varying amplitude 1800s 0∼500m 12
(sinusoidal; period 700s)
Fig. 5. Simulated evolution of aerosol size distribution correspond-
ing to the St scenario in Fig. 4. The color bars show the particle
number density (dN/dlogD) in cm−3.
is required to explain the observation. As will be shown next,
the mechanism of turbulence-induced nucleation is quite ca-
pable of causing stronger ﬂuctuations in nucleation.
To simulate the effect of large eddy turbulence, the air
parcel is assumed to rise and sink adiabatically following a
sinusoidal vertical path. In the rising part of the eddy, the
expanding air cools down rapidly and the lowering temper-
ature causes an increase in both Sw and Sa, which leads to
enhanced nucleation. Clouds often form at the top of the
large eddies in the PBL. For the results shown below, the Sw
of air parcel varies from 64% at the surface to about 80% at
mid-level and reaches over 100% near the top where clouds
are formed. Other conditions are the same as those for pre-
vious simulations. Reductions in actinic ﬂux similar to those
speciﬁed for the St simulations in Fig. 4 are also imposed. In
Fig. 7a, one can see the large eddy motions caused a pulsat-
ing production of aerosols similar to that shown in Fig. 6a but
with signiﬁcantly stronger amplitudes. For D >10 (Fig. 7b),
theﬂuctuationisstillobviousandmuchmoresigniﬁcantthan
that in Fig. 6b, except for Q < 0.2 for which the variation
becomes insigniﬁcant. When Q=1, both the peak number
concentration and the spike features are quite similar to those
shown in Fig. 1a. Detailed evolution of ASD for this simu-
lation is shown in Fig. 8. One can see that the nucleation
burst pattern is generally similar to that in Fig. 5 but with ad-
ditional ﬁne features resembling the observed strips pattern
in Fig. 1b. Note that the results in Figs. 7 and 8 are along
the parcel trajectory and thus cannot be directly compared
with the surface measurement in Fig. 1a. Discussions on this
discrepancy will be given later.
The cause of the pulsating particle bursts is not just a sim-
ple effect of cooling-enhanced nucleation. In fact, one may
have noticed some irregularities in the evolution of particle
number concentration in Fig. 7 as compared with Fig. 6. The
details can be revealed by zooming up a couple of the cycles.
As the behavior of each cycle is similar, we will focus on the
two cycles occurring between 11a.m. and noon. In Fig. 9a,
one can ﬁnd two peaks in the number concentration in each
cycle in contrast to the single peak in Fig. 6. The situation for
D >10 is even more complicated. To understand this result
we need to examine the parameters most critical to the binary
nucleation – the relative humidity Sw and relative acidity Sa
of the air parcel.
The ups and downs of Sw shown in Fig. 10a basically re-
ﬂect the imposed periodical variation in vertical motion. So,
Sw increases in the updraft due to expansion cooling and de-
creases in the downdraft due to compression warming. The
expansion cooling should in principle also cause an increase
in Sa, provided that the sulfuric acid vapor mixing ratio is
kept constant. Yet, the simulation shows that the variation in
Sa is out of phase with Sw, indicating an additional source
or sink for sulfuric acid vapor. The formation of clouds, as
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Fig. 6. Same as Fig. 4, but with the inﬂuence of stratocumulus cloud shadows.
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Fig. 7. Simulations of new particle production in air parcel moving in the form of large eddy circulation within the atmospheric boundary
layer. The amplitude and period of the large eddy are set as 500m and 30min, respectively. The left panel shows the variation of D-all, and
the right panel is for D >10.
Fig. 8. Same as Fig. 5, but for the turbulence eddy scenario corre-
sponding to Fig. 7.
indicated by the development of supersaturation (Sw >1), at
the tops of the circulation play an important role here. In
fact, Sa is the lowest when the air parcel is inside the cloud
(the reason for which will be explained later). It then in-
creases rapidly in the downdraft after the clouds have dissi-
pated. Since the photochemical production of sulfuric acid
vapor varies only slowly during the hour (dashed curve in
Fig. 10b), the increase in Sa in the downdraft must be due
to slower sulfuric acid vapor condensation (dotted curve in
Fig. 10b). This retarded condensation is mainly a conse-
quence of the drastic reduction in existing particles in the
clouds. This reduction has two causes. First, Brownian col-
lection is greatly enhanced due to the large size of the cloud
drops, and should be the main reason for the disappearance
of interstitial aerosols. Second, the growth of cloud drops by
water vapor condensation considerably reduces the Henry’s
law surface pressure of sulfuric acid vapor, and this leads
to a thermodynamic imbalance between the cloud drops and
interstitial particles whose surface vapor pressures are ele-
vated due to the large curvature effect. Therefore, the cloud
drops can uptake sulfuric acid in the expense of evaporating
interstitial aerosols, and some of the smaller ones may evapo-
rate completely if they are not already collected by the cloud
drops. Furthermore, the size reduction of interstitial aerosols
by evaporation also enhanced their Brownian motion and
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Fig. 9. Same as Fig. 7, but zoom up for the period between 11a.m. and noon.
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time; black curve), as well as rates (in parts per quadrillion by volume per second) of photochemical production (red curve) and condensation
(blue curve) of sulfuric acid vapor for the case of Q=1 in Fig. 9. Time length shown is the same as in Fig. 9.
thus the chance of being collected by cloud drops or larger
aerosols. So, in the downdraft, after the clouds have dissi-
pated, the number of aerosol particles for the sulfuric acid
vapor to condense on is very low. This leads to a buildup
of Sa (Fig. 10a) which is favorable to nucleation (Fig. 10b).
Hence, the particle number shoots up at about 11:11 (and
11:41) as shown in Fig. 9. A second mechanism which leads
to a slower sulfuric acid vapor condensation in the down-
draft is the drying of air parcels (i.e. lowing Sw) as a result
of adiabatic warming. The drying effect causes the particles
to lose water and their dissolved sulfuric acid becomes more
concentrated. The reduction in size and the elevation of so-
lute concentration both lead to a slower sulfuric acid vapor
condensation. In the later part of the downdraft, the nucle-
ation becomes very weak due to new particle formation and
the lowering of Sw, even though Sa at the time is still in-
creasing. So, at about 11:23, the production by nucleation
is not enough to compensate for the loss due to collision or
completeevaporationandtheparticlenumberreachesitssec-
ondary minimum.
A second nucleation spike (of the same cycle) occurs in
the updraft. It starts at about 11:24 when Sw begins to in-
crease due to adiabatic cooling and while Sa is still building
up (because the photochemical production of sulfuric acid
vapor is still stronger than the loss by condensation). This
updraft-induced spike is stronger than that in the downdraft
in both magnitude and duration. It ends when the formation
of new particles is so overwhelming that the sulfuric acid va-
por condensation on the particles signiﬁcantly exceeds the
photochemical production. In addition, the swelling (and di-
lution) of existing particles due to increasing relative humid-
ity also enhances condensation. The complete termination
of nucleation (at around 11:37) happens when the air parcel
reaches the condensation level, as the growing cloud drops
quickly absorb sulfuric acid vapor and cause Sa to decrease
to its lowest level.
The similarity between the Q=1 result in Fig. 7b and the
observed result in Fig. 1a may give us a false impression that
theanswerhasbeenfound. However, thereisaproblemcom-
paring Fig. 7b directly with Fig. 1a, because the former was
calculated following the undulating air parcel and thus can-
not represent the situation at the surface. If only the surface
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Fig. 11. Evolution of D >10 aerosol number concentrations under
various scenarios of turbulence eddy. The green curve (cycle period
0.5h) is the same as the Q=1 curve in Fig. 7b, and is called the
reference run. The thick-grey curve is the same as the Q=1 curve
in Fig. 4b, representing the clear sky situation without turbulence
eddy. The red curve and the blue curve applied the same conditions
as the reference run except for the cycling periods of 1h and 0.25h,
respectively. The dotted curve (RH75) differs from the reference
run in its lower (by 5%) initial relative humidity; while the thin-
solid curve (H250) applied a vertical amplitude that is one half of
the reference run (a half-height of 250m).
values were plotted (i.e., connecting the lowest point of each
cycle), one would see only a simple nucleation burst without
all the spikes (similar to the Q=1 curve in Fig. 4b). But this
discrepancy does not necessarily invalidate the turbulence-
induced nucleation mechanism. For the results in Fig. 7, the
physical parameters (e.g., frequency or amplitude) of the tur-
bulence eddies were ﬁxed, yet in reality they vary signiﬁ-
cantly with time and space. We will next demonstrate that
such variations may be enough to cause the spikes in particle
number concentration at the surface.
Figure 11 shows the evolution of D > 10 particles for
a few additional simulations of different turbulence eddies.
Two earlier results are also included for comparison: (1) the
thick-grey curve labeled “Clear” is the clear-sky, no turbu-
lence case, and is the same as the Q=1 curve in Fig. 4b;
(2) the green curve labeled “0.5h” (oscillation period of
0.5h) is the reference case of turbulence eddy, and is the
same as the Q=1 curve in Fig. 7b. Let us ﬁrst look at two
curves which contain some ﬂuctuations but have baselines
following close to the “Clear” curve. For these two cases,
the same conditions as the “0.5h” case were applied, except
that the mid-level relative humidity was lowered by 5% for
the “RH75%” (dotted) curve; whereas for the “H250” (thin-
solid) curve, the oscillation amplitude was reduced by one
half. The reason for these two curves to behave so differ-
ently from their reference case (green curve) is the absence
of cloud formation due to either not enough moisture (RH75)
ornotenoughverticallift(H250). Earlierwehaveshownthat
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Fig. 12. Same as the reference run (green curve) in Fig. 11 but
for turbulence eddies with varying vertical amplitudes. The light-
dashed curve is along the parcel trajectory, and the solid dots are
near surface values.
clouds can effectively remove the existing particles. Without
cloud formation, the near-surface concentration of D > 10
particlesstaysnotfarfromthatoftheclear-skyno-turbulence
case. The next two simulations will demonstrate how sensi-
tive the aerosol concentration is to the cloud properties.
The curves labeled “1h” (red) and “0.25h” (blue) differ
from the reference case in their doubled and halved oscilla-
tion period, respectively. As the amplitude of vertical move-
ment remains unchanged, clouds are formed when the air
parcel reaches the top just like in the reference case. The
three cases with cloud formations (e.g. the curves labeled
“1h”, “0.5h” and 0.25h”) not only behave differently from
those without cloud formation but also exhibit large discrep-
ancy among themselves. When clouds are present, the ﬂuc-
tuation in particle number is much stronger and the minimum
particle number (representing the situation near the surface)
is signiﬁcantly lower, reﬂecting strong in-cloud processing
of existing aerosols as discussed earlier. Such an effect is
stronger for shorter oscillation periods for two reasons. First,
the time for nucleation to proceed in each cycle is shorter, so
the accumulated particle number production is reduced. This
time factor also limits the growth of the newly produced par-
ticles to D > 10 sizes. Therefore, the simulation with the
shortest oscillation period (0.25h) produced the lowest par-
ticle number concentration and the weakest ﬂuctuations.
As shown by Feingold et al. (1998) and others, the eddy-
like movement of air parcels in the PBL often has large vari-
ations in amplitude and frequency. So, one can imagine that
altering the paths of eddy motions would cause the surface
particle number to ﬂuctuate. To demonstrate this, additional
simulations were done by applying a sinusoidal variation to
the eddy amplitude, so the parcel did not always reach the
boundary layer top in each cycle. Figure 12 shows one of
the simulations using a period of 700s for the variation of
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vertical amplitude from zero to 1km. One can see that the
near-surface (height <5m) values (highlighted as dots) do
ﬂuctuate with time even though there are gaps in the data.
Note that the gaps can be ﬁlled up with other sets of simula-
tions but this not done here to simplify the presentation.
Ineitherupdraftsordowndrafts, thenucleationspikesgen-
erally are associated with a low amount of existing aerosol
particles at a prior time. This implies that when the amount
of existing aerosols is high, such as in an urban environment,
nucleation might be prohibited even when there is a strong
photochemical production of sulfuric acid (or other condens-
able vapors that may involve in the nucleation process). To
examine this prospect, we performed another set of simu-
lations similar to those shown in Figs. 4–8, but the initial
aerosol size distribution was switched to the urban (Taipei)
type. None of these simulations produced a noticeable nucle-
ation burst, not to mention spikes, in D >10 particles. Only
the turbulence eddy case showed signiﬁcant ﬂuctuations in
D-all particles (ﬁgures not shown). This result also implies
that cloud processing becomes quite weak under polluted sit-
uations, as the cloud drops become much smaller although
more numerous. So, a large amount of existing particles
tends to suppress nucleation, as well as prohibiting the nu-
cleated particles to grow to the D > 10 sizes. Such results
are consistent with other studies of nucleation.
4 Discussion and Conclusion
This study applied a detailed aerosol model running in the
parcel mode to investigate possible causes of the large ﬂuc-
tuations (spikes) in the aerosol number concentration in the
planetaryboundarylayer(PBL)observedduringanucleation
burst event. Two mechanisms for such ANC spikes were in-
vestigated: (1) cloud shadow effect, and (2) turbulence eddy
effect. These re-occurring effects have time scales of a few
tens of minutes, roughly the same as that of the observed
ANC spikes.
The cloud shadow effect reduces the actinic ﬂux that
reaches the PBL, thus reducing photochemical production
of sulfuric acid vapor which is essential for binary nucle-
ation to occur. Simulations of this effect do produce large
ﬂuctuations in the evolution of total particle concentration.
However, for particles with sizes above the instrument detec-
tion limit (larger than 10nm diameter, denoted as D >10),
the ﬂuctuations are somewhat less obvious than observed. It
is possible that the variation in actinic ﬂux assumed in this
study is not sharp enough to cause enough ﬂuctuation in par-
ticle nucleation.
Mechanically forced large eddy motions in the PBL can
cause much stronger ﬂuctuations in D >10 particle number
concentration along the parcel trajectory, with magnitudes
similar to those observed. The nucleation is enhanced mainly
in the updraft, where cooling due to adiabatic expansion re-
sults in a sharp increase in the water saturation ratio. This
updraft-mode nucleation beneﬁts from the reduction in par-
ticles during the downdraft stage. Such updraft-mode nucle-
ation has been investigated by Easter and Peters (1994) who
concluded that nucleation can be enhanced at higher altitudes
in the PBL, and this view is shared by Clarke et al. (1998).
However, our results in Fig. 9 show that the fastest increase
in aerosol number occurred at lower altitudes before arriving
at the mid-level PBL.
Another mode of nucleation may occur in the downdraft,
particularly when there is cloud formation at the PBL top. In
the downdraft, adiabatic warming may cause the relative hu-
midity and relative acidity to decrease, which is unfavorable
for nucleation. But the drying effect also causes the solution
in aerosol to become more concentrated and this prohibits
sulfuric acid vapor condensation on the existing particles.
Such an effect actually causes the relative acidity to increase
in the downdraft, thus favoring the nucleation of aerosols.
The presence of clouds further enhances the downdraft-mode
nucleation because of the collection of interstitial aerosol
particles by cloud droplets. Once the cloud dissipates during
the descending stage, the amount of existing particles has
been signiﬁcantly reduced so that their ability to consume
sulfuric acid vapor is minimized, allowing the relative acid-
ity to accumulate. Because of the higher altitude in which it
occurs, this downdraft-mode nucleation may be relevant to
the particle nucleation phenomenon observed in the vicinity
of marine boundary layer clouds (e.g. Dinger et al., 1970;
Hegg et al., 1990; Perry and Hobbs, 1994; Frick and Hoppel,
1993). Furthermore, Clarke et al. (1999) showed that particle
production occurred near the edges of evaporating clouds in
the marine PBL. They suggested that classical binary nucle-
ation theory may be able to explain this phenomenon when
high humidity and low existing particle concentration are
applied. The downdraft-mode nucleation simulated in this
study seems to ﬁt these conditions quite well.
However, because the Lagrangian-type simulations cannot
represent observations taken at a ﬁxed location, the turbu-
lence eddy effect shown above cannot be taken straightfor-
wardly to explain the ANC spikes occurring at the surface. In
fact, for the simulations in Figs. 7 and 11 that applied a ﬁxed
eddy size, the particles’ number concentration at any given
height does not exhibit ﬂuctuations. Yet, the results in Fig. 12
suggested that the ANC spikes at the surface may occur if
the properties (e.g., amplitude and frequency) of the turbu-
lence eddy change with time. This is indeed the case as the
vertical movement of turbulence eddies is known to evolve
signiﬁcantly with time (e.g. Feingold et al., 1998; Gibert et
al., 2011). Cloud formation, in particular, can cause a large
decrease in particle number. This means that the peaks of
the spikes are caused by nucleation in air parcels that did not
go through cloud processes, and the dips are from those that
went though recent cloud formation.
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Could there be other causes of the spikes? We can ad-
dress this by going back to Fig. 1b and examining the de-
tailed evolution of aerosol size spectrum. It shows a bust
of nucleation-mode particles a couple of hours after sunrise.
Their modal size increased gradually from around 15nm at
9a.m. to about 25nm just before noon. In the meantime,
the accumulation-mode particles also became more abun-
dant while their modal size decreased from about 100nm be-
fore sunrise to near 50nm at noon, indicating contribution
from the nucleation-mode particles. The strong nucleation in
the morning is associated with low number of “pre-existing”
(larger than 30nm) particles, which seems to suggest that the
air mass is cleaner at this time. However, the SO2 concen-
tration measured at a near-by air pollution monitoring station
increased from 0.5ppb at 9a.m. to a maximum of 11 ppb at
noon then drop back to 0.5 at 1p.m. (Fig. 2d). This high SO2
condition is favorable to the water-sulfate binary nucleation
process. The cause of this SO2 peak is uncertain, but not
likely from local emissions because of the uncommon occur-
rence time during the day. Long-range transport is a more
probable suspect. So, the case studied here might not rep-
resent typical marine PBL conditions, but a special case of
the polluted air mass transported with the East Asian win-
ter monsoon. In the afternoon, there was a sudden drop in
ANC, which may also have been caused by the increase in
cloudiness and thus reduced actinic ﬂux, or simply due to a
change in air-mass properties. But it is also likely related to
the stronger cloud processing. One can see from Fig. 11 that
ANCismuchlowerforthesimulationswithcloudformation.
It is possible that the new particles were transported down
due to entrainment mixing. However, this would also mean
that particle nucleation was occurring just above the PBL.
Yet, the conditions of water vapor and SO2 for binary nucle-
ation seem to be more favorable within the PBL. We recall
that the event studied here was under the inﬂuence of an ap-
proaching high pressure system. According to the NOAA
HYSPLIT product, the mixed-layer depth stayed relatively
constant at just over 800m in the morning, then decreased to
below 500m (indicating strong subsidence) in the afternoon.
This strong subsidence tends to conﬁne entrainment mixing.
Eventhoughtheeffectofentrainmentmixingcannotberuled
out, it does not explain the ANC spikes as well as the mech-
anisms hypothesized in this study. In Fig. 1b, one can see
some “strips” patterns present throughout the day, especially
in the late morning and in the afternoon. Such strips corre-
spond to the ANC spikes in Fig. 1a and are an indication of
the turbulence and cloud processing effects.
Apparently, some of the detailed features in Fig. 1b have
complicated causes which cannot be resolved with the ideal-
ized simulations performed in this study, and may be worthy
of further investigations. Nevertheless, the ANC spikes phe-
nomenon is likely a unique signature of the cloud and turbu-
lence effects.
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